Introduction
The haemopoietic colony stimulating factors (C SFs) are growth factors that, in vitro, stimulate the proliferation, differentiation and functional activation of neutrophils, macrophages, eosinophils, megakaryocytes and erythroid cells (reviewed by Metcalf, 1984) . Proliferation and differentiation of these cell lineages is due directly to the ability of the C S F 's to stimulate a subset of multipotential cells and their immediate progeny, the committed progenitor cells {in vitro colonyforming cells, CFC) (reviewed by Metcalf, 1984 Metcalf, , 1986 . Each of the four known C SFs has been molecularly cloned allowing production of large quantities of these glycoproteins, for studies, which have provided evidence for their in vivo function (Kindler et al. 1986; Metcalf et al. 1987a,b; Nienhuis et al. 1987; Groopman et al. 1987; Welteei al. 1987) .
One of these haemopoietic growth factors, granulocyte-macrophage colony stimulating factor (G M -CSF) has been implicated in the development of leukaemia due to the detection of G M -CSF mRNA in cells from certain human myeloid leukaemias (Young & Griffin, 1986; Cheng et al. 1988 ). In addition the factordependent and non-tumourigenic murine cell line, FDC-P1, became tumorigenic when infected with a retrovirus expressing G M -CSF (Lang et al. 1985) , although it is not clear that unregulated G M -CSF expression alone, was responsible (Laker et al. 1987) .
Infection of normal haemopoietic cells with recombinant retroviruses containing haemopoietic growth factor genes should allow experiments in which it can be determined whether autocrine production of growth factors by normal haemopoietic cells in vivo can lead to leukaemia induction.
To obtain long-term expression of the introduced gene, it is desirable to infect haemopoietic pluripotential cells which have the ability to reconstitute the entire haemopoietic system. Such repopulation is readily observed when bone marrow cells are transplanted into lethally irradiated recipients. Although these haemopoietic repopulating cells cannot be enumerated directly, a population of multipotential cells which are probably their immediate descendants can be assayed. These cells, termed spleen colony-forming units (C FU -S) form colonies of haemopoietic cells when transplanted into lethally irradiated recipients.
Haemopoietic spleen colony formation offers a number of advantages for studies aimed at introducing new genetic material into normal blood cells. Being clones, the frequency of infected cells is readily determined and if studied 12 -14 days after transplantation sufficient cells can be obtained to allow both cellular and molecular studies. In the present manuscript a series of experiments utilizing spleen colony formation are described. The procedures developed allow the efficient infection and subsequent expression of a haemopoietic growth factor gene in the progeny of normal haemopoietic multipotential cells.
Materials and methods

Animals
Animals used were 2-to 3-month old C 5 7 B L /6 /J WEHI or C BA /C aH /W EH I mice from stocks maintained at The Walter and Eliza Hall Institute of Medical Research. For transplantation studies, animals were subjected to whole body irradiation (9-0-9-5 Gy, y rays generated by cobalt60 at 0-39 G ym in-1 at 1-Sm) and transplanted intravenously with the required number of cells within 3 h of irradiation.
Haemopoietic multipotential and committed progenitor cell assays
To obtain spleen colonies, lethally irradiated animals were injected intravenously with 0-25 to 1X105 syngeneic cells and 12 to 14 days later, animals were killed by cervical dislocation. Individual spleen colonies were dissected from non-confluent spleens and single cell suspensions prepared as described previously (Lala & Johnson, 1978) .
The number of neutrophil, neutrophil-macrophage, macrophage or eosinophil committed progenitor cells (in vitro colony-forming cells, CFC) in haemopoietic tissues was determined by culturing cells in triplicate 1ml agar-medium cultures as described previously (Johnson, 1980) . Where required, cultures were maximally stimulated by the addition of 0-1 ml pokeweed mitogen stimulated spleen cell conditioned medium (PWM-SCM) (Metcalf & Johnson, 1978; Cutler et al. 19856 ) as a source of haemopoietic growth factors.
Colonies derived from committed erythroid progenitor cells (burst-forming units erythroid, BFU-E) were scored after 7 days' incubation using 1-0ml methylcellulose cultures as described previously (Johnson & Barker, 1985) . Colony formation was stimulated by the addition of PWM-SCM and erythropoietin (l-6units) prepared from human urine (Cutler et al. 1985a) .
T o select for haemopoietic cells expressing NeoR, G418 (Geneticin, Gibco, U SA ) at a final concentration of 1 mg ml-1 was added to cultures.
Granulocyte-macrophage colony stimulating factor (GM-CSF) assay
G M -C SF was assayed using FDC-P1 cells as described previously (Metcalf, 1985) . The number of units of G M -C SF activity was calculated by assigning 50 units to the amount added to cultures resulting in 50% of maximum stimulation.
Preparation of conditioned media
Cell suspensions obtained from spleen colonies were incubated at 37 °C in 2 ml of Dulbecco's Modified Eagle's Medium (DM E) containing 10% foetal calf serum (F C S). After 7 days, the medium was harvested and assayed for G M -CSF. To obtain conditioned media from infected FDC-P1 cells, pools (5-10 clones) of autonomously growing cells were incubated (1x10s cells ml-1) in 5 mis of DM E containing 10% F C S for 3 days.
Infection of normal haemopoietic cells
Detailed conditions for the infection of normal haemopoietic cells have been described previously (Bowtell et al. 1987) . Briefly, normal bone marrow (1X106) or post 5-fluorouracil-treated (150gkg_1) bone marrow cells (minimum of 2 x 106 cells -2 femur equivalents) were cocultivated for 2 -8 days in 10 ml of DM E and 20 % F C S with virus-producing \p-Z cells plated 24 h previously at 5 x l 0 4 per 10 cm dish. Prior to assay all haemopoietic cells were washed (X3) in factor-free medium.
Construction of retroviruses and analysis of viral DNA
Detailed procedures for the construction of the retroviruses (DolNeo, MPDolNeo, ZipNeo, MPZipNeo, ZipN eo(GM -CSF), M PZen(GM -CSF) and N A c(G M -CSF)) have been provided previously (Bowtell et al. 1987; Bowtell etal. 1988; Cepkoefa/. 1984; Korman etal. 1987; Johnson et al. 1989 ). Fibroblast lines secreting virus free of helper virus were produced by calcium phosphate transfection of the ip-2 packaging line (Mann et al. 1983 ) followed by selection in G418 (400 fig ml-1) . Individual colonies were then picked and expanded for assay. DNA was isolated from guanidine • HC1 lysates and Southern blot analysis performed as described previously (Bowtell et al. 1987 ).
Results
Optimization of methods for the infection of normal haemopoietic cells
To optimize infection of the cells forming spleen colonies, a series of preliminary experiments were performed. The possibility of using supernatants from virusproducing ip-2 cell lines was compared to direct cocultivation of ip-2 cells with haemopoietic cells. Only rarely were low numbers of haemopoietic cells infected when supernatants were used and the cocultivation method was applied for all further experiments. To maintain CFU -S and their progeny during the infection phase, pokeweed mitogen spleen cell conditioned medium (PWM-SCM) was added to the cultures. At the minimum, this source of conditioned medium contains IL-3, G M -CSF, and IL-1, all haemopoietic growth factors which are, either singly or in combination, able to stimulate either CFU -S or their progeny. The validity of adding PWM-SCM during the infection phase was confirmed by comparison with cultures containing only medium. In these latter cultures, CFU -S and progenitor cells were not detected if the cocultivation period exceeded 3 days.
Because CFU -S are normally not actively cycling and since retroviral infection is more efficient with dividing cells, the bone marrow cells used as a source of CFU -S Day 5 post S-FU treated bone marrow cells incubated for 2 or 5 days prior to transplantation.
were obtained from animals pretreated with the cytotoxic drug, 5-fiuorouracil (5-FU ). This agent selectively kills cycling cells, resulting in subsequent activation and cycling of multipotential cells to replenish the depleted marrow haemopoietic populations. Experiments were also performed in which bone marrow cells were removed from animals at varying intervals after treatment with 5-FU (2-8 days) and cocultured from 2-8 days. The infection frequency of CFU -S and haemopoietic progenitor cells (C FC) was directly related to the time after 5-FU treatment and the length of the cocultivation period (Bowtell et al. 1987 ). An example of this is shown in Table 1 where 5 day post-5-FU bone marrow cells were cocultured with two different viral-producing cell lines for 2 or 5 days. The number of spleen colonies subsequently found to contain viral DNA was significantly higher with the longer cocultivation period (Table 1) . Although the infection frequency was increased by these procedures, the ability of cells to repopulate lethally irradiated recipients declined if cells were taken from animals more than 4 days after treatment with 5-FU and cocultured for greater than 2 days (Bowtell et al. 1987) . Therefore if both long-term repopulation and CFU -S studies were required, the infection protocol outlined in Fig. 1 was used. This procedure enabled sufficient numbers of infected CFU -S and CFC to be obtained for further studies, as well as providing sufficient cells for long term repopulation studies in lethally irradiated recipients (Bowtell et al. 1987; Johnson et al. 1989 ).
Parameters affecting expression of a drug resistance gene in normal haemopoietic cells
In most instances viruses used for infection of normal haemopoietic cells have been based on the Moloney murine leukaemia virus (see for example, Williams et al. 1984; Keller et al. 1985; Dick et al. 1985) . To determine whether expression of the drug selectable gene (NeoR) could be increased by exchanging viral enhancer sequences, viruses containing either Moloney (ZipNeo) or myeloproliferative sarcoma virus (MPZipNeo) L T R sequences (Bowtell et al. 1987 ) were compared. Bone marrow cells obtained from animals pretreated with 5-FU were cocultured with ip-2 virusproducing lines, harvested and cultured in semisolid cultures and the numbers of G418-resistant haemopoietic colonies determined. In the absence of drug selection, no significant differences were detected in the numbers, or types, of haemopoietic progenitor cells recovered. However, in the presence of G418, significant differences in the numbers of resistant colonies were observed (see Table 2 ). For each viral construct, the cocultivations were initiated with from 5 to 50x 103 fibroblasts. At all starting numbers of ip-2 cells, the percentage of drug-resistant colonies was greatest for cells infected with M PZipNeo, even though the titre of this virus was lower than ZipNeo, as measured in a fibroblast infection assay (Table 2) . These data suggest that expression of the N eoR gene was enhanced by inclusion of M PSY sequences in the viral construct.
Historically, it has been convenient to use drug resistance to select cells infected with a recombinant retrovirus. By using drug resistance as a preselection step, it has been possible to enrich for infected cells, which may be desirable if the level of infection is low (Keller et al. 1985) . However, if the infection frequency is high enough, and it appears that this can be achieved by manipulating the parameters during the infection phase (see above and Bowtell et al. 1987 ), preselection may not be required. To fulfil the requirements of preselection, most recombinant retrovir uses have been designed to express two genes, the selectable marker and the second gene for which the biological activity is to be investigated. Two types of retroviral construct have therefore been produced for coexpression of the two genes. In one form, the two genes are expressed by alternate splicing, and in the second form one of the two genes is expressed via an internal promotor. In comparative studies, however, none of these vectors was able to express the second gene at levels equivalent to those in the parental vector containing only the selectable marker gene (Bowtell et al. 1987; Bowtell et al. 1988 ).
When preselection is used, it is expression of the selectable marker that determines survival of the cells. This may not, however, reflect the expression of the second gene, which is the gene of interest. Additionally, preselection, if efficient, should ideally result in all cell populations being equally selected. This may not be the case, as is shown by the data presented in Table 3 . Bone marrow cells obtained 7 days after 5-FU injection, were cultured for 4 days with ip-2 cells producing the MPZipNeo virus, followed by culturing for a further 3 days with or without G418. Thirteen days after transplantation of the cells into lethally irradiated recipients, 5 sequential spleen colonies were dissected from each group, and the cells from each spleen colony cultured in semisolid medium with or without G418 addition. Preselection of the cells prior to transplantation appeared to select a population of CFU -S with a reduced capacity to produce CFC (Table 3) , although when C FC were present in a spleen colony, a higher percentage of them were drug resistant (Table 3) .
Development of protocols for screening recombinant retroviruses containing haemopoietic growth factor genes without a drug selectable marker
To overcome some of the problems discussed above, a new retroviral vector pMPZen has been developed (Johnson et al. 1988 ) by removal of the selectable marker gene (NeoR), together with nearby SY40 and plasmid sequences from pZipNeoSV(X), and replacement of the enhancer in the L T R by that from the myeloproliferative sarcoma virus. A murine G M -CSF cDNA (p G M 3 'A l.ll, Gough et al. 1987 ) was chosen for insertion into the vector (termed M PZen(GM -CSF) because it lacks sequences recently implicated in mRNA instability (Shaw & Kamen, 1986) . Due to the absence of the selectable marker, new strategies had to be developed to select 1//-2 lines containing the construct, and to determine which i/>-2 clone produced the most virus. Fibroblast lines were therefore transfected with a mixture of retroviral construct and pSV2 Neo plasmid DNA at a ratio of 20:1 (w/w). Cotransfection of the ip-2 cells with the pSV2 Neo plasmid enabled G418 selection of the fibroblasts incorporating this plasmid. Because of the large excess of retroviral DNA, this C FC assayed from individual spleen colonies obtained from day 7 post-5U-treated bone marrow cells cocultivated with MPZipNeo virus-producing ip-2 cells for 4 days, and then cultured for a further 3 days with or without 1 mg ml-1 G418 prior to transplantation.
ensured that a high proportion of the drug-resistant ip-2 clones also contained the retroviral DNA. Selected ip-2 clones were then expanded and medium conditioned by them was assayed for GM -CSF, positive clones being due to integration of the M PZen(GM -CSF) construct. To determine the amount of M PZen(GM -CSF) virus produced, the GM-CSF-dependent haemopoietic cell line FDC-P1 was cocultured with each fibroblast clone. The FDC-P1 cells were harvested, washed, and cultured in semisolid agar cultures at a variety of cell densities, in the presence or absence of PWM-SCM. The number of FDC-P1 colonies was determined after 7 days' incubation. Those ip-2 clones producing the highest proportion of autonomously growing FDC-P1 cells, at the lowest FDC-P1 plating density (to eliminate the possibility of infected FDC-P1 cells secreting sufficient G M -CSF to stimulate uninfected cells), were considered to have the highest viral titre (see Fig. 2 FDC-P1 cells), has also been used to successfully select virus-producing \p-2 clones (Johnson, G. R. and Chang, J., unpublished results). In this instance sequential FDC-P1 clones were expanded and the proportion capable of producing G -C S F in conditioned media was indicative of the viral titre.
T he M PZ en(G M -C SF) was compared to the splicing vector Zip N eo (G M -C SF ) and the ¡5-actin internal promotor vector N A c(G M -C SF ). FDC-P1 cells were cocultivated with the virus-producing cell lines, washed, and cultured at low cell numbers. Autonomously growing colonies were picked and pools of 10 colonies expanded. Equal numbers of cells from each pool were then used to condition medium, which was subsequently assayed for G M -C SF , IL-3, M -C SF and G -C S F (see Fig. 3 ). Only G M -C SF was detected and M PZen(G M -CSF)-infected FDC-P1 cells produced considerably more G M -C SF (at least 10-fold) than either Zip N eo(G M -C SF ) or N A e(G M -C SF)-m fected FDC-P1 cells (Table 4) . MPZen(GM -CSF) 27 800 MPZen(GM -CSF) 29700
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NAc(GM -CSF) 100 NAc(GM -CSF) 130 * Number of units calculated by assigning 50 units to the dilution giving 50% of maximum stimulation in the bioassay.
analysis. T he mean total number of cells in viral DNA-positive colonies did not differ significantly from control colonies. Similarly, no significant differences were seen in the proportion of spleen colonies containing committed erythroid (B FU -E ) or neutrophil-macrophage (G M -C F C ) progenitor cells (Table 5) , nor in the total numbers of these cells in infected or uninfected spleen colonies (Table 5) . When spleen colony cells were assayed for their ability to produce G M -C SF , only medium conditioned by cells from viral DNA-positive colonies contained readily detectable Spleen colonies assayed 13 days after transplantation.
G M -CSF (Table 6) . These same spleen colonies also contained variable numbers of autonomously growing neutrophil and macrophage colonies (0-100 % of the number in parallel cultures containing PWM-SCM (Table 6) ). That some of these colonies contained GM -CFC that were producing sufficient G M -CSF for autostimulation, was proven by removing individual colonies after 7 days of incubation, washing the cells and culturing in medium. Approximately 10 % of the clones treated in this way, contained cells which continued to proliferate for a further 7 days, after which macrophages persisted for up to 12 weeks. At all times, G M -CSF was readily detectable in the medium from these cultures. All of the spleen colonies (both virus-infected and control) contained varying proportions of erythroblasts, neutrophils, monocytes, eosinophils and blast cells, confirming the multipotentiality of the CFU -S initiating the spleen colonies. However, significant differences were observed in the distribution of cell types, when virally infected clones were compared to control clones (Fig. 4) . In colonies expressing the virally derived GM -CSF, the mean percentage of erythroblasts was 51% (controls 83% ), neutrophils 38% (controls 6% ), monocytes 5% (controls 4%), eosinophils 1 % (controls 0% ) and blast cells 4% (controls 8%). Since the mean number of cells in virally infected and control colonies was not significantly different these data suggest that there was an increase in the absolute numbers of neutrophils, eosinophils and monocytes at the expense of erythroblasts and blast cells. 
Discussion
As shown previously (Williams et al. 1984; Keller et al. 1985; Dick et al. 1985; Bowtell et al. 1987) , retroviral vectors provide an efficient method for infecting haemopoietic cells even if the cell types are present in low frequency, e.g. multipotential cells. These studies have utilized a drug selectable marker, NeoR but when a second gene is incorporated into these same vectors, its expression is very low (Bowtell et al. 1987; Bowtell et al. 1988) .
Although the presence of a selectable marker can facilitate selection of low frequency infected cells, this does not necessarily select cells expressing the second gene. In addition, as shown in Table 3 , prior drug treatment may lead to selection of subsets of cells, which may not be desirable. The infection frequency of haemopoi etic multipotential cells can be increased by prolonging the cocultivation period (infection phase), by depleting the bone marrow population with cytotoxic drugs and allowing partial regeneration to occur prior to harvest of cells, and by having a source of haemopoietic growth factors present during the cocultivation phase. When combined, these procedures allow infection of up to 100% of CFU -S (Bowtell et al. 1987) .
Previous experiments have shown that expression of the virally introduced gene can be increased by incorporation of MPSV-derived enhancer sequences (Bowtell et al. 1987 ) and this manipulation was performed to produce the M PZen(GM -CSF) virus used in the present experiments. In addition, the 3' untranslated region of the GM -CSF cDNA was removed to minimize possible mRNA instability (Shaw & Kamen, 1986) . The resultant construct produced considerably more G M -CSF than either ZipNeo(GM -CSF) or NAc(GM -CSF) infected FDC-P1 cells. Although the latter two vectors contained a G M -CSF cDNA that contained the mRNA instability sequences, subsequent experiments in which M PZen(GM -CSF) and ZipNeo(GM-C SF) have both been constructed with the shortened G M -CSF cDNA clone, have confirmed that G M -CSF expression is higher from the MPZen construct (Gonda, T . J. and Johnson, G. R ., unpublished observations). It remains unclear at this stage why expression from MPZen constructs is higher, but preliminary experiments suggest that it is related to the efficiency of translation. Lacking a drug selectable marker, procedures have been developed for determin ing the viral titre of ip-2 cells producing M PZen(GM -CSF). This has allowed the successful infection of CFU -S which produce spleen colonies producing readily detectable GM -CSF. Control uninfected colonies do not produce this growth factor. Intriguingly, one result of G M -CSF expression within a developing spleen colony appears to be an increase in the numbers of neutrophils produced and a decrease in the numbers of erythroblasts (see Fig. 4 ). This change in differentiation patterns does not appear to involve changes in commitment, since the numbers of erythroid and neutrophil committed progenitor cells per spleen colony appear to be unchanged. One possibility is that internally produced G M -CSF is able to amplify neutrophil production from committed progenitor cells, above that seen with exogenously acting G M -CSF and is by some, as yet unknown mechanism, inhibitory for BFU -E differentiation. To test this hypothesis, attempts are being made to infect primary skin cells with M PZen(GM -CSF), followed by grafting in the hope of producing animals with high circulating levels of GM -CSF. Such animals can then be used for spleen colony studies with normal uninfected cells, to determine whether differentiation patterns can be altered by high exogenous levels of the growth factor.
In addition MPZen viruses have been constructed containing other haemopoietic growth factor genes (G -CSF, IL-3, Epo and IL-5) and future experiments will compare the effect of unregulated expression of each of these on spleen colony development and in long-term repopulated mice.
